The effective cross sections (XSs) in the direct whole core calculation code nTRACER are evaluated by the equivalence theory-based resonance-integral-table method using the WIMS-based library as an alternative to the subgroup method. The background XSs, as well as the Dancoff correction factors, were evaluated by the enhanced neutron-current method. A method, with pointwise microscopic XSs on a union-lethargy grid, was used for the generation of resonance-interference factors (RIFs) for mixed resonant absorbers. 
1.

Introduction
The equivalence theory-based [1] resonance-integral (RI) method [2] is commonly used for self-shielding calculations in many lattice-physics codes. One of the most challenging tasks in self-shielding calculations is the generation of effective cross sections (XSs) in mixed-absorber configurations. Most methods, such as the subgroup method [3] , are efficient and accurate in determining effective XSs for isolated resonant nuclides. In the case of mixed absorbers, these methods apply some adjustments or modifications to the XSs. There can be unknown weaknesses in such methods concerning mixedabsorber configurations.
The nTRACER direct whole-core calculation code [4] , which is capable of dealing with the local heterogeneity of the core constituents without homogenization in the single-step calculation, employs the subgroup method for resonance treatment. It uses its own multigroup (MG) XS library generated from the ENDF-B/VII XS data [5] through an internal procedure that also determines the optimized subgroup parameters [3] . Recently, an alternative XS processing feature was introduced in nTRACER in order to utilize the WIMS-IAEA XS library. This library contains the RI data and no subgroup parameters. In this article, the in-house nTRACER library and the WIMS library [6] will be abbreviated as nTL and WIL, respectively. In the conventional RI-based resonance-treatment methods, the RI table is used to generate the effective XSs in a heterogeneous configuration and the RI data are tabulated as a function of background XSs and temperatures. The conventional RI method was implemented in nTRACER in conjunction with WIL, for which no subgroup data are available. For the determination of the background XSs under equivalence theory, the enhanced neutron-current method [7] was applied. This method directly evaluates the background XSs and does not need the escape XSs or the Dancoff factors.
The resonance treatment of an isolated resonant nuclide can be accurate in terms of effective XSs. With multiple resonant nuclides, the resonance interference among various resonance nuclides must be treated properly in order to accurately obtain the effective XSs. The most accurate method for evaluating the effective XSs in the mixed absorbers is to solve the neutron-slowing equation for all resonant nuclides in a mixture. This method is feasible at the pin-cell level, but is impractical for the assembly and core calculations using current computational resources. One of the approximations involves considering only one resonant nuclide at a time without considering the effects of other available resonant nuclides. This approximation would result in large discrepancies in XSs in the mixed-absorbers case. Another approximation is to augment the background XS with the average absorption XS of the system. This approach is known as the conventional Bondarenko iteration approach [3] for resonance interference treatment. In this approach, each resonant nuclide influences on all other nuclides in the mixture. The larger the absorption XS of the nuclide, the greater its impact on other resonant nuclides. In this approach, the effective XSs always increase because of the augmentation of absorption XSs to the background XSs. Therefore, the conventional method cannot show the decreasing trend of XSs from the interference. To account for the resonance interference in the mixture of resonance absorbers, some methods modify the resonance integrals by the density ratios [8] . However, the larger the number of absorbers in the mixture, the more complex the method. Recently, a new method was developed for the evaluation of resonance interference factors (RIFs) at the multigroup level [9] . This method generates the RIFs for the resonant nuclides at various temperatures, compositions, and background XSs. These tabulated multigroup factors can be interpolated for the temperature and background XSs. This method provides good results at the cost of high computational burden.
The term RIF was introduced in a much earlier paper [10] in which the microscopic XSs were tabulated on a unionlethargy interval for each resonant absorber and temperature. This method was based on the narrow resonance infinite mass (NRIM) or the wide-resonance (WR) flux approximations for on-the-fly generation of the RIFs. These calculations were performed once per burnup step for each composition and background XS. This method provided better results than the conventional method, however, did not adequately model the thermal feedback. A method is required to improve the accuracy of XSs, as well as present a better and more robust way of treating temperature feedback.
This study presents a modification of the above method. Instead of using the WR or NRIM approximation for the resonant absorbers, the intermediate resonance (IR) approximation was used with the neglect of the resonance elastic-scattering term. For the accuracy of XSs, the resonance-escape probability was implemented to account for the energy self-shielding effect in the spectrum. This study aimed to implement an efficient resonanceinterference treatment model in nTRACER with WIL. With this method, the XSs in the resonance-energy range were accurately and robustly evaluated. The accuracy of the XSs increased using the proposed method and the thermalfeedback effect was handled with interpolation of temperature-dependent RIFs at the multigroup level, with pre-generated RIFs interpolated for the system temperature. This method was more accurate than both the conventional and NRIM-based methods and efficiently treated temperature feedback with no computational cost. The application of the resonance-escape probability increased the accuracy of RIFs, as well as XSs. In this manuscript, the IR-based XS table method will be denoted as XST, while the IR-based XS table method with resonance-escape probability will be expressed as modified XST. In this method, the RIF calculation was performed once per burnup step, with little extra computational burden and no large amounts of memory required. This study focuses on the applicability of this method to the homogeneous pin-cell problem at various burnups and temperatures, and the heterogeneous virtual environment for reactor application (VERA)-benchmark pin-cell problems. A heterogeneous pin cell with burned fuel is also analyzed and the reliability of the thermal-feedback effect for the RIFs is discussed in detail.
2.
Materials and methods
The Bondarenko-iteration approach incorporates the interference effects of the resonant nuclides on the target nuclide in a mixture by making a modification to the background XSs with the absorption XSs. This approach cannot deal with the decreasing trend of XSs in some energy groups because the effective XSs increase with the background XSs. However, the XS table approach [10] employs the NRIM-flux approximation or WR approximation. This method will be referred to as the NRIM-based method. This method has high inaccuracy related to XSs. Moreover, it cannot handle the thermalfeedback effect on the RIFs. For a better flux calculation, a modification can be undertaken using the IR approximation and with the neglect of the resonance elastic-scattering source. The number of post-peak neutrons will be less than the number of pre-peak neutrons because some of the neutrons will be absorbed in the resonance peak. This effect is incorporated by the resonance-escape probability. In this new approach, the pointwise XSs, generated on a union grid for each resonant nuclide at various temperatures, are needed. This method using the resonance-escape probability is the modified XST. The method for the generation and tabulation of pointwise XSs is discussed in the following section. The method for on-the-fly determination of RIFs is also explained in detail.
Pointwise XSs generation
The unionized pointwise XSs for a resonant nuclide can be generated using the NJOY-BROADR module [11] . The procedure is as follows: (1) generate the pointwise absorption and fission XS files for each nuclide at several temperatures; (2) convert the pointwise XSs to union-grid XSs for all isotopes with a very narrow lethargy interval; (3) tabulate the XSs for each resonant nuclide, reaction, and temperature.
Background XS calculation
Before defining the RIFs, the background XS is discussed in detail in this section [2, 6] . The effective XSs are evaluated by interpolating the RI data at a specific background XS and temperature of the system. The RIFs to be evaluated are also functions of the background XS and temperature. Therefore, background XS evaluation is important for all of the resonance calculations. By definition, the background XS for a homogeneous system can be obtained by:
where s For a heterogeneous isolated system, the background XS is augmented by the escape XS as follows:
Substituting the background XS for homogeneous configuration in Eq. (2),
where s e ¼ Se N r is the escape XS for resonance nuclide r. To incorporate the shadowing effect of other fuel rods in the lattice, it is necessary to multiply the Dancoff factor (D) by the escape XS:
For the actual calculation of background XSs, the enhanced neutron-current method [7] is used. Using the total reaction rate and the flux representation based on equivalence theory, the background XSs for a heterogeneous system can be obtained as follows:
where S t,f (E) represents the total XSs of the fuel, S p,f represents the potential XSs of the fuel, S e is the escape XSs, f f (E) represents the neutron flux in the fuel, g(C,a B ) is the Dancoff factor, C is the Dancoff correction factor (1À the Dancoff factor), and a B is the Bell factor. Using the black-limit approximation, (S t,f (E)/∞), Eq. (5) can be written as:
where s o,f is the background XS of the homogeneous mixture. The Bondarenko XSs for a heterogeneous system can be obtained as:
Hence, the Bondarenko XSs are obtained by performing a fixed-source calculation for the total reaction rate with very large total XSs. A fixed-source problem is formed such that
where
and l i is the Goldstein-Cohen factor for the i th nuclide. Other variables are defined above.
In the construction of this fixed-source problem, the following rules are applied: (1) the total XS in the fuel region is assumed to be as large as 10 4 cm À1 and the total and absorption XSs are set to be the same by neglecting the scattering N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 9 1 e8 0 3
XSs; (2) the source intensities in all regions are set to lS p for the region; (3) the total XS in each region, except the fuel region, is set to lS p . Flux is obtained from a fixed-source calculation by the MOC transport solver from nTRACER, and the reaction rate is used to obtain the Bondarenko XS, which will give the background XS for each resonant isotope. As the background XSs are directly evaluated from a fixed-source solution at high total XSs, they require neither the Bell factor nor the escape probability. As the background XS evaluation does not use the escapeeprobability relations, rational approximations are not needed.
2.3.
Resonance-interference method
The resonance treatment in the resolved-energy range for the single-resonant nuclide is straightforward, however, when there is more than one resonance absorber in the mixture, the straightforward approach does not work. The XSs for resonant nuclides are different in mixture and isolated configurations [9, 10] . The RIFs for a resonant nuclide can be defined as the ratio of the XSs in the mixture to the XSs in the isolated configuration. The group-dependent RIFs are defined as:
where f i x;g represents the RIF for group g, nuclide i, and reaction type x; s mix;i x ; s iso;i x are the microscopic XSs for nuclide i in reaction x in the mixture and isolated configurations, respectively, s i x ðuÞ represents pointwise XSs on a union-lethargy grid, and 4 mix,i (u), 4 iso,i (u) are the self-shielded flux of the mixture of resonant nuclides and the isolated resonant nuclide, respectively. The indices for nuclide i in group g are dropped for convenience, however, these are considered to be specific for a resonant nuclide and energy group. The approximate expressions for the self-shielded fluxes in the mixture, as well as the isolated configuration, can be derived using the slowing-down equation. Using the IR approximation, the slowing-down equation can be written as:
where S t (u) is the total XS, S p,i represents the potential XS for nuclide i, S s,i (u) represents the scattering XS for nuclide i, 4(u) is the lethargy-dependent flux, andl i is the Goldstein-Cohen factor. The total XS can be written as:
where P F a ðuÞ þ P F s ðuÞ, and P M p are the fuel-absorption XSs, fuel-scattering XSs, and moderator-potential XSs, respectively.
where F and M represent the fuel and moderator elements, and P F;res s is the fuel-resonance scattering XS:
where l F ,l M are the Goldstein-Cohen factors for fuel and moderator nuclides, enabling the following equation to be obtained for flux:
or in the form of background XS:
As l F <<1 for heavy nuclides, the second term in the denominator, i.e., l F s F;res s ðuÞ, can be neglected. Therefore, Eq. (16) can be written as:
Eq. (18) provides the self-shielded flux for the isolatedresonant isotope. For the resonant nuclide in the mixture of absorbers, by neglecting the resonance elastic-scattering term in Eq. (15), the self-shielded flux can be approximated as [6] :
where P F a ðuÞ contains all resonant absorbers in the fuel. Using Eqs. (18) and (19), Eq. (10) can be re-written as:
Using the pointwise XSs, the integrals in Eq. (20) can be calculated numerically by Simpson's rule. The groupdependent RIFs are obtained from Eq. (20) for the evaluation of effective XSs for the resonant nuclides in mixed absorbers. Now, to correct the XSs for nuclide i, group g, the RIFs are multiplied by the effective XSs generated for the isolatedresonance nuclide, as given below:
where b s i x;g is the corrected XS after the resonance-interference treatment for isotope i, group g, and reaction x, while s i x;g is the uncorrected XS.
2.4.
Temperature-feedback effect RIF is a function of temperature, as well as background XS. RIFs are generated at the multigroup level for a range of temperatures and once per burnup step. During the reactor operation, the temperature variation causes variation in XSs.
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At each temperature variation, it is impractical to calculate RIFs from the XS table directly because of the large number of lethargy points. However, the interpolation of XSs for the specific temperature will increase the calculation burden. These problems are not addressed in the NRIM-based method. In this approach, the temperature-feedback effect is incorporated with the temperature dependency of RIFs. The temperature-dependent multigroup RIFs are obtained from the XS table and stored for future use. As the temperature of the system changes, the RIFs are interpolated for that temperature at the multigroup level. The linear interpolation scheme is utilized for this thermal-feedback effect, as it provides accurate results without extra computational burden.
Resonance absorption and escape probability
In RIF calculation, the spectrum is approximated by IR approximation, as given in Eq. (19). The flux is approximated from the absorption XSs of the mixture. Not all the neutrons survive after passing through the resonance peak, as some of them are absorbed into the resonance peak. Therefore, the number of post-peak neutrons will be less than the number of pre-peak neutrons. The approximated spectrum does not incorporate this post-peak decreasing effect, which can also be termed as the energy self-shielding effect. This is one of the reasons for large errors in the lower energy range.
To incorporate this effect, the resonance-escape probability of a neutron needs to be determined. The balance equation with hydrogen as the scatterer is as follows [12] :
where S H s ðE 0 Þ is the scattering XS of 1 H, s o is the slowing-down density, and c(E) is the energy spectrum. Other variables have the same meanings as in previous sections. The neutron spectrum in an infinite medium for energies below the source can be derived as:
The resonance non-escape probability,pðEÞ, is defined as:
Incorporating Eq. (23) into Eq. (24) and simplifying leads to:
The resonance-escape probability, p(E), is:
The integrals in Eq. (26) can be numerically evaluated by Simpson's rule. The resulting resonance-escape probability can be utilized to correct the spectrum:
where 4 o (E) is the loss-free spectrum and 4(E) is the corrected spectrum. This method is only applied to the lower energy range because of the large errors in the RIFs, as well as the XSs in this range.
Results and discussion
The method was verified by comparing the RIFs, XSs, and k-eff for homogeneous problems at various temperatures and burnup conditions. The efficiency of the resonance-escape probability treatment was analyzed in detail, as well as the temperature dependency of the RIFs, and the proposed method was compared to the currently available method. To support the method, heterogeneous pin-cell benchmark problem (1A) was analyzed for XSs verification, as well as reactivity accuracy. A heterogeneous pin cell with burned fuel was also analyzed.
Homogeneous problem
The accuracy of the modified XST method was confirmed by comparing the k-eff, as well as XSs, Exact RIF shown in the Fig. 1 through 4 represents the RIF obtained from the slowing-down solutions. The proposed method is denoted by IR while the NRIM-based method is denoted by NRIM. The RIFs and XSs are plotted in the resonance energy range (from 4 eV to 9.118 keV, in the WIMS library). Fig. 1 shows the 235 U absorption RIF and its error with exact RIF, indicating a >1% improvement for the proposed method. Fig. 2 shows the 238 U absorption RIF and its error. The
RIFs improved by 0.5% using the new approach. Large Bondar means the results by the Bondarenko iteration method, XST means the XST without resonance escape probability treatment, and modified XST means the XST with resonance escape probability treatment. Furthermore, Bond_err means error for the Bondarenko iteration method, XST_err means error for the XSs table method, and modified XST err is the error for the modified XST method. Fig. 7 shows that the reactivity errors in the XSs were large for the conventional method, while the XSs showed good agreement using the XST method, except in the lower energy range. Therefore, the modified XST provided good results at all energies. The fission XSs and the reactivity errors for 235 U are shown in Fig. 8 . It is clear from the figure that the XSs improved considerably and that the error decreased significantly using XST and compared to the conventional method. A significant error reduction was also observed using modified XST. Fig. 9 shows the microscopic absorption XSs for 238 U. Although the errors in XSs using the modified XST were not significantly improved, the errors were still very small. For the microscopic absorption XSs of 239 Pu (Fig. 10) , the errors in the XSs were significantly reduced by using the XST method. The error in the lower energy group was large, however, still smaller than that observed with the conventional method. The large error at lower energy was removed by using the modified XST method. The same trend was observed in the microscopic-fission XSs for 239 Pu (Fig. 11) , indicating that the Pu (Fig. 12) were large, but still smaller than those observed in the conventional method. To check the applicability of the method at various temperatures and burnups, case two was analyzed with a different enrichment, burnup, and temperature. The temperature was 600 K and the burnup was 69 MWD/kg-HM. Pu (Case 1). Bondar, results by the Bondarenko iteration method; Bond_err, error for the Bondarenko iteration method; Modified XST, the cross-section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. Pu, respectively, and show large errors from the conventional method. For the XST method, the errors were reduced noticeably, however, large errors remained at the lower energy range. These errors were eliminated by using the modified XST method. Based on these XSs data, the proposed method worked well for the homogeneous configuration for any enrichment, composition, temperature, and burnup. Also, the method efficiently incorporated the temperature-feedback effect for RIFs. Pu (Case 1). Bondar, results by the Bondarenko iteration method; Bond_err, error for the Bondarenko iteration method; Modified XST, the cross-section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. U (Case 2). Bondar, results by the Bondarenko iteration method; Bond_err, error for the Bondarenko iteration method; Modified XST, the cross-section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method. section table  method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section; XST, cross-section table method without resonance-escape probability treatment; XST_err, error for the XST method.
Heterogeneous problems
After verification of the method for the homogeneous configurations, two heterogeneous problems were analyzed at different burnup conditions.
VERA pin-cell benchmark problem
VERAs represent the Consortium for Advanced Simulation of Light-water reactors core physics benchmark problems [14] . For the XS comparison in the benchmark configuration, the heterogeneous pin cell (1A) was selected. The composition and geometry are given in Table 3 and Fig. 18 , respectively, and nuclide concentrations in the fuel are given in Table 4 . Fig. 19 shows the absorption XSs for 235 U, with reactivity errors for both methods. Modified XST showed good results as compared to the conventional method. Fig. 20 shows the fission XSs for 235 U. Figs. 18e20 show that the errors in the XSs were significantly reduced and that the XSs were improved for 238 U as compared to the conventional method (Fig. 21) . Table 5 shows the reactivity comparison for various VERA pin-cell problems using various methods. The term nTRACER_conv represents the conventional method in nTRACER. This problem will be denoted by 1A. The reactivity difference for modified XST was <182 pcm, which was larger than the conventional method, but in the latter case, the lesser error may be due to error cancellation. In Figs. 7, 10, 13 and 16, the conventional method exhibited both positive and negative reactivity errors, resulting in error cancellation. The XS error was reduced noticeably using the modified XST method. The heterogeneous pin-cell problem confirmed the accuracy of the method. N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 9 1 e8 0 3
3.4.
Heterogeneous pin cell
A heterogeneous pin cell was considered with the same geometry and composition as the VERA pin cell shown in Fig. 18 and Table 3 . This problem was denoted by a burned case. The compositions for four selected resonant nuclides were obtained from 5% enriched UO 2 fuel at 30MWD/Kg-HM. The number densities for Table 6 , the k-eff for the problem is given based on the above-mentioned methods. The reactivity difference for the conventional method was large, while the reactivity improved using the modified XST method. section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section. N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 9 1 e8 0 3 modified XST method. For 238 U-absorption XSs (Fig. 24) , there was competition between the conventional and modified XST methods. Overall, the errors were reduced using the modified XST method. Figs. 25 and 26 show the absorption XSs for 239 Pu and 240 Pu, respectively, which were improved using the modified XST method. U (burned case). Bondar, results by the Bondarenko iteration method; Bond_err, error for the Bondarenko iteration method; Modified XST, the cross-section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section. Pu (burned case). Bondar, results by the Bondarenko iteration method; Bond_err, error for the Bondarenko iteration method; Modified XST, the cross-section table method with resonance-escape probability treatment; Modified XST_err, error for the modified XST method; pcm, per cent mille; XS, cross section.
4.
Conclusion
A resonance interference-treatment method based on the microscopic XS table with IR approximation was implemented in nTRACER. This method was modified from the NRIM or WR approximation to the IR approximation and the resonance elastic-scattering term was neglected. Another modification was the incorporation of resonance-escape probability to correct the spectrum. These modifications improved RIFs by 1% in uranium isotopes and 7% in plutonium isotopes, and improved the XSs relative to the NRIM-based method. The RIF comparison of both methods verified that the results were improved by using IR approximation with the resonanceescape probability, which contributed greatly to XS accuracy. The modified XST provided good agreement with the reference values for the homogeneous and heterogeneous pin-cell configurations. The proposed method allowed better results than the conventional method and reduced errors noticeably. The reactivity estimation of the modified XST method for the homogeneous configuration was good, while the conventional method resulted in large errors in both cases. The error in XSs was small in the case of the modified XST method, which also accurately predicted the XSs. The error in the absorption XSs for 238 U was large using the modified XST, but still smaller than that observed in the conventional method. The errors in 239 Pu and
240
Pu were also smaller than the conventional method. A new feature that incorporates the temperaturefeedback effect of the RIFs showed good interpolation results. The RIFs were able to be calculated at the multigroup level for temperature variation within a very short time. With this feature, nTRACER accurately predicted the XSs by incorporating the resonance interference for mixed absorbers. This method also efficiently calculated RIFs at system temperatures other than those provided by the library. This method required RIF evaluation only once per burnup and did not require table search. These results indicate that the method was more efficient than the RIF table method. The accuracy was improved with the application of resonanceescape probability and better than that observed in the conventional method. This method is applicable for various configurations and rapid temperature variations.
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